Intensive exercise leads to a loss of force, which may be long-lasting and associated with muscle cell damage. In order to simulate this impairment and to develop means of compensating the loss of force, extensor digitorum longus muscles from 4 wk old rats were fatigued using intermittent 40 Hz stimulation (10 s on, 30 s off). After stimulation, force recovery, cell membrane leakage and membrane potential were followed for 240 min.
Introduction
Intensive, unaccustomated exercise leads to a loss of force, which may be long-lasting. This functional defect may be attributed to the following: 1) rundown of transmembrane Na + ,K + -gradients and depolarization leading to loss of excitability (2; 17), 2) loss of energy supplies (14) , 3) impaired release of Ca 2+ from the SR or reduced myofibrillar Ca 2+ sensitivity (6; 31; 34), 4) intracellular accumulation of metabolites, protons or inorganic phosphate (14) , 5) longerlasting leaks in the sarcolemma, leading to loss of excitability.
We have previously shown that in isolated rat skeletal muscle, intermittent electrical stimulation (40 Hz, 10 s on, 30 s off) for 30-60 min elicits cell membrane leakage as assessed from increased 14 C-sucrose space, loss of the intracellular enzyme lactic acid dehydrogenase (LDH), and loss of K + . This was associated with a considerable reduction in tetanic force lasting for at least 240 min (22) . In another study on rat muscles, we found that sarcolemmal leaks induced by electroporation, documented by increases in 14 C-sucrose space and LDH release, were associated with a graded and partly reversible loss of force (8) .
The force recovery of these electroporated muscles was markedly improved by stimulating the Na + ,K + pumps with epinephrine, norepinephrine, the C2-adrenoceptor agonist salbutamol or calcitonin gene related peptide (CGRP). Conversely, inhibition of the Na + ,K + -pumps with ouabain suppressed both the spontaneous force recovery and that induced by Na + ,K + -pump stimulation. It was surprising that Na + -K + pump stimulation increased the rate of force recovery even in muscles showing evidence of cellular leakages. In this way stimulation of the Na + ,K + -pumps apparently compensates for the sarcolemmal leakages elicited by electroporation, restoring the resting membrane potential and improving force development.
Salbutamol has been shown to enhance isotonic contractile properties of rat diaphragm muscle (30) . In fatigued diaphragm muscles, force recovery was improved by isoproterenol (18) and selective C2-agonists (1; 12; 29) . In the present study the effects of the 2-agonists epinephrine and salbutamol and CGRP on force recovery in fatigued and damaged muscles are investigated. The 2-agonists act via 2-adrenoreceptors and G-protein to activate adenylyl cyclase in the cell membrane. Adenylyl cyclase then converts ATP to cAMP, thus increasing the intracellular concentration of cAMP which in turn stimulates the Na + ,K + -pumps via protein kinase A (9) . CGRP increases the intracellular concentration of cAMP (9) via binding to specific CGRP-receptors. In this way CGRP stimulates the Na + ,K + -pump via the same second messenger as the 2-agonists. Therefore, the effects of CGRP on fatigued muscles are also investigated.
To examine the specificity of the receptors mediating the effects, the -antagonist propranolol is used to block the 2-adrenoceptors in experiments with epinephrine and CGRP. The effect of direct addition of cAMP is tested as well. The dibutyryl-derivative of cAMP (db-cAMP) more readily gains acces to the cytoplasm and is used for these experiments.
Furthermore, the influence of salbutamol on sarcolemmal integrity evidenced by the release of LDH is investigated. The focus of this paper is the force loss after fatiguing electrical stimulation, the subsequent recovery of force and the extent to which stimulation of the Na + ,K + -pump can compensate the commonly occurring muscle fatigue seen after heavy workload or exercise and restore force. Cell membrane leakages frequently arise in skeletal muscles during strenuous work, but also following bruises or electrical shocks. It was of general interest, therefore, to test the working hypothesis that the Na + ,K + -pumps contribute to the restoration of contractility/force generation in muscles that have lost cell membrane integrity or have a functional defect following fatiguing stimulation.
Part of the results of this study have been presented in a preliminary version (21) .
Methods

Animals
All experiments were carried out using fed 4-wk old female or male Wistar rats (own breed) weighing 60-70 g. Animals of this size were chosen to obtain muscles of a relatively small size to improve diffusion and oxygenation during incubation. The rats had free access to food and water and were maintained at a constant temperature (21°C) with constant day length (12 h). The animals were handled and maintained in accordance 
Muscle preparation and incubation
Animals were killed by cervical dislocation followed by decapitation and intact extensor digitorum longus (EDL) muscles, weighing 20-30 mg, were excised as previously described (7) . The standard incubation medium was a Krebs-Ringer bicarbonate buffer (pH 7.2-7.4) containing in mM: 122.1 NaCl, 25.1 NaHCO3, 2.8 KCl, 1.2 KH2PO4, 1.2 MgSO4, 1.3 CaCl2 and 5.0 D-glucose. After preparation, the muscles were mounted for isometric contractions on muscle holders with electrodes on either side of the central part of the muscle. The buffer was continuously gassed with a mixture of 95 % O2 and 5 % CO2. All muscles were equilibrated for a minimum of 30 min in the standard medium before further treatment.
This procedure has been shown to allow the maintenance of constant membrane potential and Ca 2+ , Na + and K + contents for several hours in vitro (11; 13) . Incubations took place at 30°C in a volume of 5, 8, or 23 ml buffer.
Fatiguing protocol EDL muscles were exposed to fatiguing stimulation using a protocol that has previously been shown to elicit muscle cell damage and long-lasting loss of force (22) . This standard fatiguing stimulation protocol was applied in all experiments: The muscles were stimulated intermittently (10 sec on, 30 sec off) at 40 Hz (1 ms pulses of 10 V). Stimulation was applied through two platinum electrodes on either side of the central part of the muscle. Different groups of muscles were stimulated for 0, 5, 10, 30 or 60 min.
Since the distance between the stimulation electrodes was 0.4 cm, 10 V pulses correspond to an electrical field of 25 V cm -1 .
Force measurement
The experimental set-up used for force measurements allowed for the simultaneous stimulation of four muscles in incubation chambers containing 8 or 23 ml buffer. EDL muscles were mounted on a force displacement transducer (Grass FTO3, W.Warwick, RI, USA) and during repeated stimulation with single pulses adjusted to optimal length for twitch force development. Force was recorded with chart recorders (Servogor, Kolding, Denmark) and a PowerLab data acquisition system (ADI instruments, Australia). Prior to stimulation all four muscles were tested at 90 Hz (1 ms pulses of 10 V) for 0.5 s to achieve maximal tetanic activation of all muscle fibers. Testing was done three times at 15 min intervals before the fatiguing stimulation, and the mean of these force determinations was defined as the initial force level. The mean initial force was 452 mN (SD 59, n = 72). Force recovery in each group of muscles is given as per cent of the initial force of the same muscles. Then the muscles were allowed to rest or fatigued for 10, 30 or 60 min. Force development was recorded during the fatiguing stimulation and as previously described propranolol (10 -5 M) or ouabain (10 -3 M) were added prior to these agents to test their specificity. In experiments with epinephrine at concentrations lower than 10 -5 M, ascorbic acid (1 mM) and EDTA (0.05 mM) were added to the buffer to prevent metabolic degradation of epinephrine. These agents were also added to the controls.
Membrane potential recordings
Resting membrane potentials were recorded using standard electrophysiological techniques as previously described in detail (25) . In brief, each muscle was impaled by a glass microelectrode filled with 3 M KCl (tip resistance 15-35 MM) and the potential, recorded via an Axoclamp-2A amplifier, was displayed on an oscilloscope and a chart recorder. The muscle bath was grounded with an Ag/AgCl wire. In each muscle around 10 fibers were impaled. To avoid measuring from the same fiber twice, the electrode was moved a small distance across the muscle between each impalement. EDL muscles were exposed to 30 min of fatiguing stimulation. Immediately following the end of stimulation the muscles were moved to the membrane potential measurement setup and mounted at resting length. The chamber was perfused with Krebs-Ringer bicarbonate buffer, continuously gassed with a mixture of 95 % O2 and 5 % CO2. The first membrane potential recording was performed approximately 15 min after the end of stimulation. Contralateral control muscles were mounted in the transducers and force was tested but they were not fatigued before the recording of membrane potential. The effect of Na + ,K + -pump stimulation was examined in both resting and fatigued muscles by the addition of salbutamol (10 -5 M) 130 min after the muscles had been removed from the force transducer.
LDH release
As an indicator of cellular integrity, the release of LDH from the muscles into the incubation medium was determined as previously described (15) . In short, after being mounted on muscle holders in 5 ml chambers but prior to measurement, the muscles were prewashed 4x30 min to remove LDH released from cells damaged during excision of the muscles. 
Statistics
Results are given as mean values with SD. The statistical significance of any difference between groups was ascertained using the two-tailed t-test for unpaired observations. All comparisons made were between separate groups of muscles. In Fig. 3 , a one-way ANOVA and a post hoc t-test was performed to ascertain the significance of the differences between the groups.
Results
Force recovery
Effect of 2-agonists To examine whether this force recovery was also present at physiological concentrations of epinephrine, the dose-response relation was determined and shown in Fig. 3 . To examine the receptors mediating the observed effects, the -antagonist propranolol was added 15 min prior to epinephrine to block the -adrenoceptors. 
Effect of cAMP
The catecholamines and CGRP act via an increase in cytosolic cAMP. Therefore the direct effect of this second messenger was tested. The dibutyryl-derivative of cAMP (db-cAMP) more readily gains access to the cytoplasm and was used in these experiments. After 60 min of fatiguing stimulation, release of the intracellular enzyme LDH was followed for 4 hrs. As shown in Fig. 9 , 60 min of fatiguing stimulation caused a large increase in LDH release commencing during the first 30 min of recovery. Addition of salbutamol (10 -5 M at 120 min recovery) had no effect on the LDH release. Thus, the force recovery induced by salbutamol can not be attributed to resealing of the cell membrane. Na + , K + and Ca 2+ contents Table 1 near here As shown in Table 1 , Na + content was significantly increased and K + content significantly decreased following 60 min stimulation and 240 min recovery. None of these changes were affected by the addition of salbutamol (10 -5 M at 120 min recovery). Likewise, the Ca 2+ content of these muscles was significantly increased and no change was observed when adding salbutamol.
Following 30 min of fatiguing stimulation and 240 min recovery, significant increases in Na + (P = 0.03) and Ca 2+ (P < 0.001) contents were observed. No significant changes were observed following addition of salbutamol (10 -5 M at 120 min recovery).
Discussion
The primary purpose of the present study was to determine whether the loss of contractility induced by fatiguing electrical stimulation might be alleviated by stimulation of the Na + ,K + -pumps. The experiments show that acute stimulation of the Na + ,K + -pumps induced by catecholamines, CGRP, or the second messenger cAMP, mediating the action of these hormones on the Na + ,K + -pump, in all instances elicit a significant improvement of force recovery, both in muscles showing a large spontaneous recovery and in muscles showing a small spontaneous recovery. This recovery can be detected within 10 min after the addition of the compounds examined and lasts for at least 2 hours. It is completely suppressed by ouabain, indicating that it depends on the function of the Na + ,K + -pumps.
The force recovery elicited by epinephrine is seen down to the concentrations measurable in plasma during running exercise (27) . The effect is abolished by propranolol, indicating that it is mediated via -adrenoreceptors. The control force is not affected by propranolol as seen in Fig. 5 and 6 . Since the 2-agonist salbutamol (10 -5 M) induces almost the same maximum force recovery as epinephrine, it is reasonable to assume that the effect of salbutamol is mediated via 2-adrenoreceptors. In contrast, the force recovery induced by rCGRP is not affected by propranolol, indicating that the effect of this peptide hormone is mediated via its specific receptors. Finally, cAMP, which is second messenger for the actions of epinephrine and CGRP, caused a similar, albeit slightly later force recovery.
The long-lasting loss of force induced by fatiguing stimulation may have several causes.
Depletion of metabolizable substrates, glycogen, creatine phosphate and ATP has repeatedly been proposed (for review see (14)). It is unlikely, however, that these stores can be repleted by stimulating active Na + ,K + -transport, which in itself is an energy-consuming process. Accumulation of lactic acid is another frequently mentioned cause of fatigue (14) .
In the present experimental situation with a large volume of incubation medium, however, the lactic acid formed is not likely to be retained for several hours in vitro. Moreover, catecholamines induce an increase in lactic acid production, which cannot explain the force recovery observed. Finally, lactic acid causes no inhibition of contractile force in isolated rat skeletal muscle (23) .
Long-term fatigue may also be related to impairment of the excitation-induced increase in cytoplasmic Ca 2+ (6; 32; 33) . There is no evidence, however, that stimulation of the Na + ,K + -pumps can improve the release of Ca 2+ from SR or the subsequent rise in cytoplasmic Ca 2+ .
On the other hand, it has repeatedly been shown that fatiguing stimulation leads to depolarization of muscle cells, both in vivo (20) and in vitro (2; 17) . This may be due to rundown of the transmembrane concentration gradients for K + and the ensuing reduction in the equilibrium potential for K + . In the present study, fatiguing stimulation for 30 min caused no significant decrease in the K + content of the muscles, whereas 60 min of stimulation gave a significant decrease. However, following 30 The depolarization induced by fatiguing stimulation may also be caused by sarcolemmal damage, an interpretation supported by previous observations of increased 14 C-sucrose space and release of LDH (22) . Also in the present study, muscles exposed to 60 min of fatiguing stimulation showed a marked increase in LDH-release. Even in these damaged muscles, salbutamol induced a significant recovery of force. This was not associated with any restoration of total Na + or K + contents or changes in LDH release, indicating that stimulation of the electrogenic Na + ,K + -pump in the remaining intact sarcolemma or t-tubular membranes might be sufficient to restore excitability. The restoration of excitability by addition of salbutamol seems to be achieved by compensation of the cell membrane leakages, since no effect on membrane integrity was observed. This suggests that the stimulation of the Na + ,K + -pump is a local effect that acts to reestablish the ionic gradients and the membrane potential without changing the global content of Na + and K + in the muscle fibers.
All our experiments were performed at 30 ºC, a temperature that ascertains optimum stability (19; 26) . Since the Na + ,K-pump has a Q10 of 2.3, elevations of the temperature causes marked increase in the pumping rate. Heating of muscles might therefore contribute to the force recovery after fatiguing stimulation.
Burniston et al. (4) have shown a myotoxic effect in vivo of the 2-agonist clenbuterol administered in doses down to 0.1 mg/kg. Assuming an extracellular volume of 20 % this dose would give a concentration in plasma of 1.6 x 10 -6 M. In our studies we have not observed an increase in LDH leakage with salbutamol treatment, however, we can not rule out that high doses of salbutamol may be myotoxic as well. It should be noted that CGRP induced a significant improvement of force recovery. This is of particular interest, since CGRP is stored in nerve endings in skeletal muscle from where it can be released and stimulate the Na + ,K + -pump (9).
Conclusion
Fatiguing stimulation leads to severe functional impairment, depolarization and loss of cellular integrity. Perhaps the most interesting observation of this study is that even in "leaky" muscles, stimulation of the Na + ,K + -pumps with salbutamol induces repolarization, but no recovery of integrity or Na + and K + contents. This is accompanied by a partial, but significant restoration of contractile force, which is likely to reflect improved excitability.
Perspectives
Vigorous physical activity often leads to long-lasting and considerable loss of force. This may in part be attributed to loss of excitability due to depolarization or sarcolemmal leakage. The present results indicate that the ensuing impairment of contractility may be compensated by catecholamines or CGRP, agents that are both available in plasma and skeletal muscles. This information may be used for a therapeutic restoration of muscle performance following intense exercise or muscle damage due to trauma. Moreover, treatment with 2-agonists is widely used by asthmatic patients as bronchodilators to improve respiration. Since these patients often perform fatiguing or exhausting work with their respiratory muscles, the 2- agonists may in addition compensate the ensuing fatigue in these muscles (1; 12; 30) .
A possible ergogenic effect of C2-agonists in athletes has been highly disputed, and the results are inconsistent. Signorile et al. (28) found that acute inhalation of albuterol had an significance of the differences between groups was ascertained using a one-way ANOVA (P < 0.0001) and subsequently the difference between the control group and any of the treated groups was tested using a t-test (as post-test). P-values are given in the figure. Then the muscles were fatigued as described in Methods. LDH release was followed for 240 min. The muscles were moved to new tubes every 30 min. Immediately after removal of the muscles, buffer samples were taken for determination of LDH activity. Salbutamol 
